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^ AIi_> ZRAC T 

Op to tho present tine, the reliability of tho determination 
of aerodynamic olnracteristics at hypersonic Mach numbers by thooro- 
tical calculations has been unknown due to the lack of experimental 
data. This report is tlie calculations of these cliaractorictics by 
four different theories of a wedge and a cone err or a rongo of Ifeoh 
numbers from 2 to If. 

Correlation of these results with wind turn el tcoUs \ras not 
possible due to scheduling diffieultioo of tho hyporsonie trind tunnel; 
therefore, this report is designed to serve as the basis for comparison 
of future hypersonic experiments. 

Prom correlation of tho various thcoricu it is found that tho 
closest agreement to the exact theory at hypersonic speeds is givon 
by the hypersonic similarity theory. Above lfc.ch numbers of about 3, 
the first and seoond order theories deviate considerably from tho 
oxaet theory. 
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The following are the symbols and notation with their definitions 
used in this investigation. 



Pi 



P 

q 

*1 

a. 



“i 

P 



u # v 



(static pros sure of tho fleer, Tho subsorlpts donoto floor 

field 

1 - fr©e etreaa 

2 - flow behind shook or on body 
o - stagnation conditions 

s - flar on surface of body 
pressure coefficient =- AP/q 
free stream dynanio presouro - j[ ^ 

free stroeun velocity 

speed of cound *= f¥ • Subscript indicates seno 

conditions as prossure p 

fluid density. Subscripts sane as for p 

Uj 

Jfcioh mnber Subscripts sene os p 

E1 

inclination of shook wave, or tho quantity ^ - 1 

ratio of epeoifio heats - 1,4 for air 
cylindrical or spherical coordinates 

Cartesian coordinates. Subsorlpts denote orthogonal direc- 
tions of axis 
velocity components 
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S.l.* 
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ix 

SYJJBOT.T. A ? ~> '*01 roy {continued J 

indicate &L , where i, fc arc coordinates of 

dk. 

oyster. being used 

serai-apex angle of cone or wedge, end flow deflection in 
ono particular case 
potential notation 
angle of attack 

non-dimensional coordinates, or variable* of integration 
body thicknoca, or total apex angle 
body length 

thickness ratio parameter ( Vi>Jl 



k 
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I. IiTTRODTCTIOn 

Th© purpose of this investigation was to calculate the aerodynamic 
characteristics of a wedge and a cone at hypersonic Mach numbers by 
utilising the existing theories, and to correlate these recults vrlth 
actual test data. 

The possibility of extending existing supersonic flow theorioo to 
hypersonic speeds has been investigated only theoretically up to this 
time, due to the laok of experimental data at hyporaonic Itoch ntiabers. 
How the exist ence of a hypers on io wind tunnel nokeo ouch test data 
available, and this investigation is the first step in tho correlation 
of suoh data with the various theories. Sinco there are so nany 
ratifications to tho problem, boundary layer, tunnel boundary interfer- 
ence, deviations from a perfect gas, eto., this is but one small phase 
of the vast over-all problem, and it is hoped that it trill servo ao a 
basis for future experimental work. 

Tho prinoipal aerodynamic oheraoteristio obtained was the surface 
prossuro on various angles for wedgos and cones at Maoh nunbero ranging 
from 2 to 12. The four existing theories uood in the determination of 
the theoretical pressure distribution wore t 

1. Oblique Shock Theory for Fodgoi T'xaot Theory for Cone 

2. First Order Theory - Linearised 

5. Second Ordor Theory 
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4* Hypersonic Similarity* 

A brief discussion of the above theories is given in Part II* 

I 

For the theoretical calculations, the configurations used worst 

1. Wedge with apex angles of 5°, 10°, 20°, 50°, 40°, 80° 
and 60° at angles of attaok of 0°, 2°, cad 4°* 

2. Cone with apex angles of 5°, 10°, 20° 50° 40°, 50° 
and C0° at angle of attaok of 0°. 

IXie to lack of tine, actual correlation with teet data was not 
possible in this report* Models of a 20° wedge and cor© were con- 
structed, and thoir details are inoluded herewith* 

It is planned that this report should servo as the first phase, 
the basic groundwork, for the future experimental investigations of 
hypersonic flow* 
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n. CALCULATIONS BY THE VARIOUS THEORIES 

A. Oblique Shook Ware Theory for lAcdj,e 

The pressuro coefficient (C^J is defined as the ratio of the chans* 
in pressure ( AP ) to the dynaaic preeeure (qj. 

Co -?.) 

? 

but 

since 



~ o*v<y O y 







Therefore , 



Ce, g “ , A 

f- +*?,* *>, 

Tho normal s Iioclc relation for (rv> - Ih J/pn is •■■■ - — (U,^ *1). 

*• * * y + 1 * 

To obtain tho correct obliquo shock relation, it is only nocoesary to 
replaoe 11^ by sin p, (Ref. 1 j. Thus, 



-/>/ - Zf -/) 

“Tr" 

Co = - /J 
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bhere tho relation between tho wuvo angle P and the flow defection 

is 



Utilising tills formula, Tables I to III wore computed and plotted in 
Pig*. 5 to 7* 

B. Exact Theory for Cone 

The problem of supersonic flows around cocos at sero angle of 
attack is ono of tho two types of high speed flows in throe- dinemo ions 
that can be discussed mthcrnatica.il y without objcotionablo simplifica- 
tion. 

The fundamental equation of oonical flow as derived by Sebert in 
Hof. 2 and in a similar manner by Kopal, (Pef. 3 ) t is 





- ‘Vv r*~ i'eo/' sj 
S 1 - a* 



cfo L 







L 



CWf /■jV/'-r 
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The solutions to this equation cannot bo obtained analytically, so in 
order to determine them, recourse must bo had to msaorieal intergration. 
This has been carried out by Kopal and put in tabular fora. He tabulates 
the ratio of the pressure on the cone to that immediately behind the 
shock save Pg/l^# and the ratio of the pressure iranod lately behind the 
shock nave, to that of the undisturbed air in front of the shock rravo, 
pj>/pj# The product of these two gives Pg/p^ so M. can bo calculated, by 



and 



P, 



A A 

p, 




= : -A 



Following this procedure the data of Table IV were calculated and plotted 
in Pig* 8« 

C. First Order Theory - Wed^s 

By assuming irrotatioml flow and linearising tho equations of 
motion, a perturbation potential nay be Introduced. Considering a 
uniform roctlllncar velocity U at oO , it is assumed that the deviations 
of tho velooity from U are small, and squares and higher powers of these 
perturbation velocities are ncgleotod. This assumption carreepondo to 
limiting the solid boundaries to shapes whose inclination to U is always 



small. 



G 



The 1 Inoar lead equation of motion because, (Ref. 4 j 



// — C/~* \ yi C^^x. r 4 * 

' <&*/ o'/fc 



where 



(ewajr fran body j 
~ U ~ constant 

Uj =- 0 

“5 "° 

In terns of the potential function 



(neighborhood of bodyj 

Uj K U * Uj* 

"2 *" V 



*3 



- u„ 



f = ^ <zy^y 

4, . ^ ^ cc cr 

' oU/ 

whero <P/KJ is tho perturbation potential. The 1 inoar 1 sod portur- 
bation potential equation becomes 



// - /*xi j ofe> i*- Jp -a- =. o 

' <J*S -J*? 



The eanc approxlaatianc are used for determining tho pres sure ooof- 
fioiont. Tho exact relationship for p/p 0 is 
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LinocxiEod, tliio is 

A ^ / 

^ z 4 _£C f 

* er 

Expanding, \to have 



3. - / ~J1 <*/, Z ^ + • • •• 

;*? * cr 



Sinoo 



thus. 








-< 2 u_ 



r 



cr 



By solving tlao perturbation equation together trith the boundary 
conditions that tho nornal derivative of (p vanishes at all solid 
boundaries, the pressure coefficient equation bcscnco 



CjC = ^ 



M 

c't'j Aot/stetory 



For tli© redgo j^jrj boundary ^ ncro ^ ^-*o tangent of tho carrl-apcr 

anglo & , or 



Cf - £ 7*3,1/ & 



fjr,*-/ 
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For the wedg© at angles of attack, this oaac equation holds by merely 
subtracting or adding a to © for the upper or lower surfaces. 

These calculations are given in Tables V, 71, and VIII and are 
plotted in Figs. 9, 10, and 11. 

D. First Order Theory - Cone 

Following von Karnan, (Ref. 5 ), the linearised potential equation 
in cylindrical coordinates with axial symotry is 

/■ _/ yt f / - cr 1 ) V - q 

Jr* r* Jr o ' J S* 

Assuming that the effeots of infinitessaals can be super Imposed, the 
potential of the additional velocities has the fora 

efrv - / 

where 

= \l*7* -/ 

Placing the origin at the vertex of the body, this integral oan be 
transformed by letting 



— ^ Cos# 4 













* 
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The potential expression becomes 



W , * 

end the relooity ccaponenta ere 



& - f /TV -/fs'J Cbs*£ « </c< 



and 



<)<0 



By solving the above equation von Karnan obtained for the ever 
pressure aoting on ttio cone 










whioh is approxlmtely 

U 



* s >cr * x 6'/^} 



Thus 

Cfi = 20*Jh 2 

The oaloulated results of this equation is given in Table VIII 



and plotted in Fig. 12 



20 



E« Second Order Theory - rfedge 

The next stop to the linearisation procedure used in the previous 
section in an iteration prooodure corresponding to the genial techni- 
que of solution by suooe solve approximations booed on the theory of 
perturbations, is the second approximation whioh cay bo made by several 
different approaches* By introducing a parameter ~C proportional to 
the thickness ratio of tho body under consideration, the potential 
function may be expanded in a power series in € , This has been 
carried out by Buscoann, (Ref. C ), for a two-dimensional c up er sonic 
flew. 

The Buoeman second approximation for the pr ensure coefficient is 



&>* * * € 



/*?*-/ 






is the angle of floe defection, tho semi-apex angle at zero angle 
of attack. The c amputations hosed on this equation are given in Tables 
IX, X,and XI and are plotted in Pigs. IS, 14, and 15. 

F. Sooond Order Theory - Coro 

For axially-syaaetrio flow, the discovery of a particular solution 
of the iteration equation has roduoed the problem of determining a 
second-order approximation to one of first-order. 
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Following Van Dyke, (Ref. 7), the iteration equation for a oono 

i S 

( '-?*) (£- tf t ) 

+/*%(■ &] 



■where (x, t) are the oonioal non-orthogonal coordinates and 



£,-? -tf e 

£r A - -M£e 



/ 

$ ^ £■ + 0 



ia first order perturbation potential 
is seoond order perturbation potential 



the boundary conditions for the socond order solution are 



A 



*=• slope 

- £/0fs*J- / 4e-&psH 



<P fa) ~ = o 
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The c one has a cesri-ape* ang le tan"* £ . Using the integrating factor 

— — , the equation oan be Integrated to give tho rooult 



>//-t z 



&= -4 (Jea/'lt - 



where 



+ e*>recjt‘'f,aej 



Substituting the first order solution into the iteration equation 
and using the eano integrating factor again. Van fyke obtains for the 
oanplote oonical eocond-order perturbation potential 







The otrexmsriae and radial velocity perturbations are 

& 



_LJ/ 

ter 



* t f T 



**■ ffr-s/ C 
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B oust bo adjusted to satisfy the tangency condition. It is easiest 
to do this mraerieally in actual computation* Fren those results, 
the pressure coefficient can be calculated as 



These osloulated ralues are given in Table XII and plotted in Fig. 16* 

G. ^rpersonlo Similarity 

Tsien, (Ref. Bj, has developed the similarity lows for hypersonic 
floes* An affined transformation which expands the flow field laterally 
reduoes the equations of the floes to a single non-dimensional equation* 
If a series of bodies having the same thickness distribution but different 
thickness ratio, \A>, ore put into floes of different Mach numbers 
such that the products of and S/b rsnains oonstant and equal to K, 
then the flow patterns are similar in that they aro governed by tho seme 
transformed velocity potential. 

For flow ever cones, Hayes, (Ref* 9}, interpretation is the propa- 
gation of cylindrical waves from a uniformly expanding oiroular cylinder. 
To solve the associated wave problem, it is observed that the radial 
velocity v, the pressure p, and tho density o arc functions of S = y/t 
only. That is. 
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The ©qua ti ana of equilibrium and continuity boo an© 



« - /cfe 

1 y C/S 



fv-sj o 

f oV afr S 



Introducing tho f allowing change# of variable 



^ * JS - J2L"* <7~» 

J sS * 

when yU is the now independent variable and "a n denotes the local 
velocity' of sound, the equations above are transformed into 

<&’*££. £** £ 

q£h ^ ^ 

c/cr = - / 

G^U. *Zjf - 

Shen, (Bcf. 10 j, solvoa these basic equations by expanding the 
solution into a series near the initial point and using a standard num- 
erical integration thereafter* Prco these results, tho pressure ratio 
at tho oone sirfaoe Pg/Pi can be obtained* Calling the cone half-cngle 
& , we havo 






k « M x e 
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Row 




Keeping the similarity parccwtcr Z oonstant trill givo tho sano flcr; 

. 2 

pattern* Tlrus, a single ourvo of C^/g to K suffices for various slen- 
der cones in hypersonic flows. 

/ 2 

Using Shan’s tabulated results of Ivc C,^ ' it is a simple matter 
to expand to values of H and C for various Os • These results are 

hr 

given in Table XVI and ere plottod in Pig. 21. 

Per tjyper sonic flow over wedges S hen’s proceduro gives 



C/> = j£±/_ + ~r 

e* 2 r ' * ' He*- 

Utilising this equation. Table XIII of various values of 0^/g ‘ and K 
is obtained. These results ore expanded as beforo for values of V and 
Cp for various Os • These data are Given in Tabled XIV, XV, and XVI 
and are plotted in Pigs. 18, 19, and 20. 
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COBfCLTEXOIE 

The oonolusion* of principal inter eat in the baeic problem will 
result frost the correlation of the experimental data with that calcu- 
lated frcei the various existing theories. Since in this report such 
correlation is not as yet possible recourse must be had to a compari- 
son of the various theories themselves. 

For this purpose Fig* 22 has been plotted* This figure is a 
cross-plot of Mach number versus surface pressure coefficient as 
calculated by the various theories for the model wedge and cone, i. o. , 
for a 20° total ape* angle. From a study of this curve, the following 
conclusions may be drawn t 

1* The first order theory gives values which aro lower than 
those of the exact or oblique shock theory throughout the entire Uach 
number range. The amount of deviation increases with the Maoh number. 

2* The second order theory Gives dose agreement with the 
exact theory at low Maoh numbers (below M ^ 4 j, and is much closer 
than the first order theory throughout the entire range. 

3* The range over whioh first end second order theories nay 
be used is limited ty the form of the equations* This range is deter- 
mined by the apex angle. For the 20° oono. Imaginary results are 
obtained above Mach number of 11*0 by the first order theory and above 
Maoh number of 3.7 by tho second order theory. 
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4. At the higher Mach numbers (above CJ excollont agree- 
ment Is obtained between the ^’parsonic similarity and exact solu- 
tions. 

The lift coefficients for the 20° wedge at 2° and 4° angles of 

s 

attack were calculated and plotted in Fig. 2S. The some pattern of 
deviations between tho exact and other theories Is found as with the 
pressure coefficients. 



13 



rrr^/flircrr 



ilillikan, C, l., "T.y&rodynauico of Ccnrarcnoiblr 71 aids AT. 261 

Locwuro Hates , California Institute of Too’nolo^', 1949-1050. 
Sooert, '<aro!d IT., Spood AGrodvncnlco ". Prenticc-tio.il, Inc., 

pp. 190-197, Vex York, 1943. 

Kopal, 2., " Tablco of Supers onio FI err Around Cones " , Tech. Report 
Ho. 1, Massachusetts Institute of Toohnology, Doper taent of 
Electrical Engineering, Center of Analysis, 1947. 

Liernenn, II, «?, and Puokatt, A. E. , "Aerodynonics of a Cainrossiblo 
Fluid", OA.UCIT Aeronautical Serioe, John tviloy and 'ons, Inc., 

pp. 121-124, Hear York, 1947. 

Von Roman, Th. , "The Ikoblq? of Poslctance in Ccroprossiblo Plnid" . 
Proc. of the 5th Volta Congress, pp. 275-277, Rase, 1922. 

Buses asm. A., "The Actacnsyanotuacho Rty-olno Ekerclr-llstroriunfi" . 

LuftahetforochrriG* PP« 157-144, 1942. 

Van Dyke, li. D. , "A Study of Scccnd-Crder Enncrsonic ?h. 9. 

Thesis, California Institute of Technology, 1949. 

Tsion, H. C., "Slnilarity LSrrs of Pypcrsonio Plow* . Jour, of Path, 
and Phys., Vol. 25, pp. 5G-6C, 1940. 

Hayes, W, P., "On Tfypcr sonic Similitude" . Quart, of Anpl. Eatli. , 

Vol. 5, p. 105, 1947. 

Shsn, 5. P. , "Tfypersonic PIot Over a Slender Cone", Jour, of liath. 
and Ply*. , Vol. 27, pp. 56-66, 1948. 



19 



TABLE I 



Wedge 

Oblique Shook Theory 
0° Angle of Attack 



$ 



M 


5° 


10° 


20° 


50° 


40° 


50° 


60° 


2.0 


.0716 


.no 


.2565 


.433 


.665 






4.0 


.0241 


.0558 


.1551 


.2425 


.579 


.581 


CO 

12 

• 


6.0 


.0177 


.046 


.106 


.205 


.529 


.484 


.666 


8.0 


.0148 


.0525 


.0959 


.107 


.5095 


.465 


.641 


10.0 


.one 


.0294 


.0871 


.1765 


.502 


.4515 


.654 


12.0 




.026 


.0855 


.172 


.295 


.445 


.625 




I 
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TABLE XI 



TTedge 

Oblique Shook Theory 
2° Angle of Attack 



& 



M 




5° 


10° 


20° 


50° 


40° 


50° 


60° 


2.0 


C p upper 


•0133 


.070 


.192 


.352 


.556 


.94 






lover 


.104 


.168 


.320 


.51 


.800 






4*0 


C p upper 


.0045 


.056 


.100 


.194 


.324 


.476 


.652 




lower 


.050 


.086 


.170 


.293 


.444 


.612 


.826 


6.0 


c p upper 


.0028 


.026 


.078 


.162 


.276 


.420 


.590 




p lower 


.040 


.068 


.142 


.250 


.384 


.552 


.742 


3.0 


Cp upper 


.0022 


.018 


.066 


.146 


.260 


.596 


.566 




lower 


.050 


.052 


.128 


.236 


.soe 


.530 


.720 


10.0 


C p upper 


.0015 


.012 


.060 


.140 


.256 


.590 


.560 




v lower 


.026 


.050 


.120 


.230 


.360 


.520 


.710 


12.0 


C p upper 


.0011 


.012 


.060 


.140 


.256 


.390 


.560 




loner 


.026 


.050 


.116 


.250 


.SCO 


.520 


.710 



iT 
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TABLE III 



Weds© 

Oblique Shook Theory 
4° Angle of Attack 



s 



If 




5° 


10° 


2.0 


C p upper 




.025 




lower 


• 154 


• 224 


4.0 


C upper 




.0109 




p lower 


.080 


.116 


6.0 


C D u PP°r 




.0069 




p 1 error 


.060 


.092 


8.0 


C uppor 




.0042 




^ lower 


.050 


.000 


10.0 


C upper 




.0040 




p lower 


.044 


.076 


12.0 


C upper 




.0087 




* lower 


.044 


.076 



20° 


50° 


40° 


50° 


60° 


.140 


.290 


.470 


.720 




.590 


.608 








.072 


.150 


.270 


.414 


.578 


.220 


.554 


.506 


.692 


.924 


.062 


.124 


.226 


.560 


.513 


.104 


• S04 


.450 


.590 


.850 


.044 


.110 


.212 


.540 


.494 


.170 


.288 


.426 


.566 


.800 


.040 


.104 


.206 


.554 


.486 


.100 


.280 


.420 


.560 


.790 


.040 


.100 


.206 


.550 


.480 


• 16C 


.200 


.420 


.556 


.786 
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TAB IF IV 



Cone 

Fxaot Theory (XopalJ 
0° Angle of Attack 



s 



H 


10° 


20° 


30° 


40° 


50° 


o 

o 

o 


2,0 


.0348 


.1046 


.2026 


.5240 


.473 


.641 


4.0 


.0250 


.0801 


.1600 


.2670 


.382 


.551 


6.0 


.0217 


.0720 


.1500 


.2565 


.375 


.534 


0.0 


• 0186 


.0676 


.1465 


.2580 


.565 


.524 


10.0 


.0106 


.0669 


.1440 


.2520 


.363 


.519 


12.0 


.0178 


.0653 


.1415 


.2520 


.365 


.519 
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T*J3L~ Y 



First Order Theory 



IS 




0° 


Ar^lo of At tr.clr 

S 

s 








5° 


10° 


20° 


50® 


40® 


X® 


GO® 


2.C 


.0503 


.1CC6 


.2025 


.SOX 


.4200 


.5200 


.6650 


4.C 


.0223 


.0149 


.0909 


.1S3C 


.1680 


.2410 


.2975 


c.c 


.0143 


.0295 


.0500 


.090C 


.1232 


.1500 


. 135S 


0.0 


.0110 


.0219 


.0442 


.0672 


.0914 


.1172 


.1450 


10.0 


.cooc 


.0175 


.0555 


.0530 


.0752 


.0939 


.1160 


12.0 


•0075 


.0140 


.0205 


.0440 


.0608 


• 0780 


.0X3 
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XA.BIE VI 



TTodfjo 



First Order Theory 
2° Anglo of Attack 



s 



M 






5° 


o 

o 

rH 


20° 


o 

o 

ftO 


40° 


50° 


60° 


2.0 




upper 


0 


.0604 


.1625 


.2665 


.3755 


.4900 


.6150 




V 


lower 


.0905 


.1420 


.2455 


.3550 


.4670 


.5000 


.7220 


4.0 


C 


upper 


0 


.0269 


.0726 


.1190 


.1678 


.2190 


.2740 




V 


lower 


.0404 


.0633 


.1096 


.1577 


.2085 


.2625 


.5220 


G.O 


Cp 


upper 


0 


.0177 


.0476 


.0781 


.1100 


.1435 


.1800 




Sr 


lower 


.0265 


.0416 


.0710 


.1035 


.1368 


.1723 


.2115 


8.0 


c 


upper 


0 


.0131 


.0554 


.0500 


.0876 


.1066 


.1535 




P 


lower 


.0197 


.0S09 


.0535 


.0760 


.1015 


.1280 


.1570 


10.0 


c 


upper 


0 


.0105 


.0283 


.0464 


.0654 


.0854 


.1070 




p 


lower 


.0158 


.0247 


.0426 


.0615 


.0815 


.1025 


.1258 


12.0 


C p 


upper 


0 


.0067 


.0235 


.0386 


.0544 


.0709 


.oeeo 




p 


lower 


.0131 


.0205 


.0355 


.0511 


.0075 


.0852 


.1045 
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TA 81? Vi I 



T.'odg© 

First Order Theory 
4° Anglo of Attack 



$ 



M 






5° 


10° 


20° 


30° 


40° 


50° 


GO 0 


2.0 


c 0 


upper 


-.0502 


.0201 


.1214 


.2240 


• 5S15 


.4450 


.5650 




P 


lower 


.1312 


.1880 


.2830 


.5975 


.5140 


.6390 


.7780 


4.0 


Cp 


upper 


-.0135 


.0090 


.0542 


.1000 


.1400 


.1980 


.2510 




y 


lower 


.0538 


.0816 


.1233 


.1775 


.2295 


.2355 


.S475 


6.0 


c p 


upp«r 


-.0009 


.0059 


.0356 


.0656 


.0970 


.1300 


.1650 






lower 


.0385 


.0356 


.0844 


.1165 


.1508 


.1075 


.2200 


8.0 


c p 


upper 


-.0066 


.0044 


.0204 


.0486 


.0720 


.0963 


.1225 






losror 


.0286 


.0398 


.0626 


.0865 


.1118 


.1391 


.1695 


10.0 


c p 


upper 


-.0053 


.0055 


.0212 


.0391 


.0677 


.0772 


.0980 




r 


lower 


.0229 


.0319 


.0502 


.0693 


.0895 


.1115 


.1358 


12.0 


°p 


upper 


-.0044 


.0029 


.0176 


.0324 


.0479 


.0642 


.0815 






lower 


.0190 


.0265 


.0417 


.0575 


.0745 


.092b 


.1127 
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tAn;;: nil 

C'OUQ 

First Crdor Tlioozy 
0° Aa^lo of Attcvd: 



$ 



'J 


3° 


H 

O 

o 


o 

o 

M 


o 

o 


40° 


50° 


60° 


£.0 


.0154 


.0594 


.1148 


• ^056 


.2952 


.5720 


.4400 


4.0 


•0094 


.0268 


.0658 


.0950 


.0952 


.0646 




6.0 * 


.0078 


.0206 


.0402 


.0554 








8.0 


.0000 


.0162 


.0220 










10.0 


.0058 


.0127 


.0080 










12.0 


.0031 


.0099 
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1ABI25 IX 



YTedgo 

Second Order Theory 
0° Angle of Attack 



S 



M 


5 ° 


10 ® 


20 ® 


SO ® 


40 ® 


50 ® 


60 ® 


2.0 


.0551 


.1065 


.2460 


.4020 


.5810 


.7620 


1.0000 


4.0 


.0255 


.0519 


.1276 


.2190 


.5500 


.4590 


.6070 


6.0 


.0170 


.0371 


.0960 


.1721 


.2651 


.5775 


.5087 


8.0 


.0155 


.0500 


.0808 


.1401 


.2546 


.5468 


.4625 


10.0 


.0111 


.0257 


.0720 


.1559 


.2160 


• 52 C : 


.4352 


12.0 


.0096 


.0229 


.0660 


.1257 


.2045 


.5108 


.4165 
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TABIT. X 



Wedgo 

Second Order Theory 
2° An^le of Attnok 






M 




5° 


10° 


20° 


50° 


40° 


50° 


60° 


2.0 


C p upper 


.0101 


.0644 


.1898 


.3371 


.5070 


.6990 


.9160 




lower 


.0996 


.1627 


.5054 


.4717 


.6600 


.0695 


1.1040 


4.0 


C upper 


• 0045 


•0304 


.0960 


.1805 


.2832 


.4050 


.5460 




p lower 


.0480 


.0811 


.1615 


.2614 


.3795 .5161 


.6720 


0.0 


C upper 
v 1 error 


.0030 


.0253 


.0709 


.1389 


.2255 


.5306 


.4554 




.0340 


.0595 


.1236 


.2069 


.5085, .4282 


.5653 


6.0 


C upper 


.0022 


.0165 


.0586 


.1189 


.1978 


.2954 


.4118 




P lower 


.0271 


.0486 


.1053 


.1809 


.2744 


.3062 


.5162 


10.0 


c p upper 


.0018 


.0138 


.0515 


.1075 


.1820 


.2743 


• 3863 




laser 


.0232 


.0424 


.0946 


.1657 


.2547 


.3622 


.4873 


12.0 


C upper 


.0015 


.0121 


.0468 


.0994 


.1707 


.2603 


.3693 




P lower 


.0204 


.03C3 


.0074 


.1554 


.2411 


.3457 


.4675 
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T&.BIE XI 



WodgO 

Second Order Theory 
4° Anglo of Attack 



& 



If 




5° 


o 

o 

r*4 


20° 


c* 

o 

o 


40° 


50° 


60° 


2.0 


C p upper 


-.0292 


.0205 


.1569 


.2752 


.4557 


.6220 


.0265 




lower 


.1497 


.2115 


.5685 


. 5446 


.7400 


.9600 


1.2010 


4.0 


Cp upper 


-.0127 


.0094 


.0674 


.1441 


.2596 


.5555 


.4875 




lower 


.0742 


.1112 


.1990 


.5070 


.4316 


.5760 


.7388 


6.0 


C p upper 


-.0081 


.0065 


.0487 


.1094 


.1884 


.2872 


.4036 




lower 


.0559 


.0850 


.1544 


.: 4GC 


.3541 


.4815 


.6266 


8.0 


C upper 


-.0058 


.0043 


.0395 


.0927 


.1640 


.2551 


• 5GS2 




P lower 


.0441 


.0692 


.1530 


.2165 


.5172 


.4567 


.5740 


10.0 


Cp upper 


-.0045 


.00S9 


.0542 


.0350 


.1499 


.2358 


.5395 




lonrar 


.OS 85 


• 0615 


.1206 


.1995 


.2952 . 


.4098 


.5422 


12.0 


C upper 


-.0050 


.ooss 


.0507 


.0763 


.1401 


.2222 


.3257 




* loiror 


.0M4 


.0558 


.1121 


.1870 


.2005 


.5921 


.5217 
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£ I I 
Coro 



s~ 

J 


10° 

c p 


Sooo!*cl Crror x 

8 20° 

a c„ 

V 


ory 

% 

id 


50° 

C 

P 


Sr; 

a 


40° 

C 

P 


s.oa 


.0355 


2.14 


.1010 


1.60 


.2270 


1.70 


.5476 


7.03 


.0307 


;• .01 


.0361 


2.G8 


.1837 


5.80 


.3155 


n.?e 


.0300 


3.91 


.0824 


3.03 


.1829 










5.48 


.0851 











5.70 



oe?9 
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t r \ 

Ajoarcoaxc S forejotere 



Wodc® Ccno (Ref. 8} 



X 


Vo 8 


K 


c /e 2 


.1 


15.200 


.GC 


2.93 


© 

• w 


^4. • fc* <*✓*> 




C.C5 


• o 


7.080 


1.82 


2.45 


•4 


t.SGO 


1.59 


2.31 


.5 


8.580 


2.10 


2.20 


.6 


*.740 


2.74 


2.14 


.8 


5.980 


4.00 


2.30 


1.0 


3. BSC 






1.6 


2.992 






8.0 


2.762 






S.O 


2.762 






4.0 


2.600 






5.0 


2.4C4 






G.O 


2.446 






7.0 


2.4SC 







Ifypearoonic Similarity 
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g 
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wo 
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O 
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o 
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91 
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o 
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04 

o 
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O 
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0* 

O 



M 
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o 
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O 


a 

CO 


CO 
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O 
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rH 
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rH 
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8 
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CO 
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775 
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• 
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C4 


04 




tn 
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• 

o 


CO 


a 
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04 
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rH 

ft 


tn 

rH 


8 


§ 






sJJ 




to 


CM 
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* 


• 


• 


• 


• 
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04 
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tn 

CM 


8 






CM 
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tn 
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§ 
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35 


N 

CO 


ft 


a 


8 


S 




to 


04 


CM 


CM 


rH 


rH 




CO 


8 


8 


ft 


o 

10 


8 


8 




rH 


04 


• 

04 


to 


tn 


0- 


»H 














rH 




C5 

8 


.198 


8 

rH 


.148 


a 


rH 

rH 

rH 


* 

8 

O 




8 


0* 

04 
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8 
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$ 




04 


to 


• 

* 


in 


• 

to 


O 


rH 

rH 




C5 

CO 


ft 


» 


rH 

a 


8 








04 




rH 


rH 








O 


O 


o 


O 








• 


• 


• 


• 


• 








8 


O 

tn 


8 


a 


tn 

HJ 








04 


• 


CO 


05 


rH 
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TA3I25 W 



tfedge 

Etypereonlo Similarity 
2° Angle of Attack 



5°$ 




11.60 .00115 2.50 .0710 



3.90 .0330 

5. 00 .0400 

6.32 .0356 

7.60 .0282 

10.20 .0250 

12.60 .0223 



10° S 



h 


°Pu 


11 


c 

PL 


1.92 


.041 


1.63 


.170 


3.85 


.030 


2.44 


.120 


5.76 


.022 


5.25 


.096 


7.70 


.017 


4.06 


.081 


9.60 


.014 


4.69 


.071 


11.50 


.015 


0.50 


.060 






8.14 


.054 



12.20 .045 
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1 



mBIB XV (contimiodj 
Wedge 

Hypersonic Similarity 
2° Ancle of AttacUc 



u 


20°S 

c a 




2. IS 


.160 


1.68 


.289 


2.04 


.127 


2.S5 


.245 


5.55 


.108 


2.82 


.215 


4.26 


.095 


5.7G 


.181 


5.78 


.060 


4.70 


.161 


7.10 


.on 


7.04 


.156 


10.G0 


.060 


0.40 


.125 






14.00 


.117 



S0°$ 



U 




II 


C_ 

? L 


2.16 


.205 


1.96 


.445 


2. GO 


.251 


2.62 


.574 


3.4G 


.211 


5.28 


.352 


4.54 


.137 


4.90 


.281 


C.50 


.159 


6.54 


.259 


3.C5 


.146 


9.80 


.242 


10.80 


.157 


15.20 


.255 



35 



IABIB XV (continued > 



Tfedge 

Hy para onic Similarity 
2° Angle of Attack 



If 




40°$ 
M 


°PL 


M 


°hx 


50° % 

M 


2.89 


.422 


1.98 


•654 


1.88 


.720 


1.96 


3.00 


.575 


2.47 


.580 


2.35 


.640 


2.94 


4.58 


.517 


3.71 


.490 


3.53 


.540 


5.92 


5.96 


.293 


4.95 


.455 


4.70 


.500 


5.89 


8.95 


.274 


7.42 


.424 


7.06 


.466 


7.85 


12.00 


.265 


9.90 


.410 


9.40 


.455 


9.80 






12.50 


.404 


11.75 


.445 


11.75 



60° £ 



V 


C J\» 


11 




1.68 


1.010 


2.40 


1.170 


2.82 


.850 


8.20 


1.080 


5.75 


.786 


4.80 


1.010 


5.78 


.755 


6.40 


.980 


7. BO 


.712 


8.00 


.964 


9.40 


.700 


9.60 


.960 




.925 

.780 

.721 

.694 

.654 

.646 

.640 



11.20 



700 



11.20 .952 
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SABIB XVI 



T7edge 

Hypeorsonic Sinilcrity 
4° Anglo of Attack 



5°8 10 ° s 



u C Pu 


M 




II 


°P 

Ml 


M 


c Pl 




2.64 


.107 


5.70 


.0045 


1.90 


.197 




3.55 


.08? 


11.40 


.0035 


2.54 


.159 




4.40 


.070 






3.16 


.134 




5.26 


.002 






3.80 


• 118 




7.03 


• 

o 

Cl 

:3 






5.06 


.099 




8.00 


.046 






6.34 


.089 




13.10 


.059 






9.50 


.075 












12.60 


.069 



I 
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TABLE XVI (oontiauod; 
Wedge 

Byperaonie Similarity 
4° Angle of Attack 



20°S 



M 


% 


M 




1.90 


.123 


2.01 


.354 


2 .CG 


.080 


2.41 


.294 


5.80 


.070 


3.21 


.247 


4.76 


.059 


4.01 


.220 


5.70 


.052 


6.01 


.185 


7.00 


.044 


8.02 


.171 


9.50 


.039 


12.00 


.160 



30 ° $ 



U 


Cp 

*u 


H 


Cp L 


2.06 


.243 


2.32 


.475 


2.53 


.210 


2.91 


.421 


S .10 


.185 


4,36 


.356 


4.13 


.155 


5.80 


.329 


5.16 


.138 


8.70 


.507 


7.71 


.113 


11.00 


.298 


10.60 


.108 







10.80 



053 
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KVBir XVI (continual ) 

TTcdc© 

Hypersonic Gimlority 
4° Angle of Attae!r 

40°j 50° 8 



M 


C Pu 


M 


C >L 


li 


°Pu 


U 


C_. 

Pl 


2.09 


.394 


2.25 


.705 


2.08 


.590 


2.70 


.925 


2.79 


.330 


3.37 


.595 


2.60 


.524 


3.61 


.854 


S.49 


.294 


4.50 


.550 


3.90 


.443 


5.42 


.796 


5.21 


.248 


6.74 


.514 


5.20 


.408 


7.22 


.773 


6.98 


.229 


9.00 


.498 


7.80 


.582 


9.01 


.760 


10*50 


.214 


11.20 


.490 


10.40 


.370 


10.80 


.750 










13.00 


.364 











60°S 




id 


C P 


U 


C Pl 


2.05 


.045 


2.22 


1.37 


5.07 


.715 


2.96 


1.26 


4.10 


.660 


4.45 


1.18 


6.15 


.616 


5.92 


1.14 


8.20 


.598 


7.40 


1.12 


10.20 


.589 


8.90 


1.11 



12.20 



680 



10.70 1.U 



Hypersonic Sinilarity 
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TABLE XVI IX 



Cj^ VB il 

HWg*, S * 20° 



a *• 2° 



H 


Oblique 

Shock 


First 

Order 


Second 

Order 


I^rperconlc 

Similitude 


2.0 


.1229 


.0792 


.1102 


.0907 


4.0 


•0675 


.0355 


.0854 


.0750 


c.o 


.0017 


.0228 


.0510 


.0650 


8.0 


.0599 


.0171 


.0445 


.0507 


10.0 


.0580 


.0144 


.0414 


.0558 


12.0 


.0540 


.0114 


.0588 


.0576 







c * 


4° 




U 


Oblique 

Shook 


First 

Order 


Second 

Order 


Ityprrconio 

Similitude 


2.0 


.2501 


.1590 


.2197 


.2221 


4.0 


.1418 


.0714 


• 12G5 


.1457 


G.O 


.1203 


.0457 


.1006 


.1507 


8.0 


.1211 


.0552 


.0892 


.1500 


10.0 


.1154 


.0276 


.0856 


.1551 



12.0 



.1154 



0228 



0778 



1282 
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Fig. 4 - 20° CONE 
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